One of the most promising techniques of recent research is adsorption. This technique attracts great attention in environmental technology, especially in the decontamination of water and wastewaters. A "hidden" point of the above is the cost of adsorbents. As can be easily observed in the literature, there is not any mention about the synthesis cost of adsorbents. What are the basic criteria with which an industry can select an adsorbent? What is the synthesis (recipe) cost? What is the energy demand to synthesize an efficient material? All of these are questions which have not been answered, until now. The reason for this is that the estimation of adsorbents' cost is relatively difficult, because too many cost factors are involved (labor cost, raw materials cost, energy cost, tax cost, etc.). In this work, the first estimation cost of adsorbents is presented, taking into consideration all of the major factors which influence the final value. To be more comparable, the adsorbents used are from a list of polymeric materials which are already synthesized and tested in our laboratory. All of them are polymeric materials with chitosan as a substrate, which is efficiently used for the removal of heavy metal ions.
Introduction
One of the most promising techniques of recent research is adsorption. This technique attracts great attention in environmental technology, especially in the decontamination of water and wastewaters. It is considered that adsorption is one of the most efficient techniques for limiting or even completely cleaning water and "heavy" industrial effluents. The materials used in these techniques (namely adsorbent materials) can be easily applied in the tertiary stage of the biological treatment or water-cycle, having an ultimate target of capturing and binding the last remaining pollutants existing in the liquid phase (heavy metal ions, dyes, organic macromolecules, pharmaceutical compounds, etc.) of this (last) stage. The potential of this technique is so strong that more-and-more adsorbents are tested in order to find the most suitable one for further examination. The common question now is why adsorption is so promising, but the answer is easy if we look at the classic "bibliographic" advantages of this. Adsorption is an easy method, which can be applied without any special instrumentation, only some large-scale industrial adsorption beds (e.g., fixed-beds/columns) are required. Moreover, Conducting interviews in person offers the advantage of observing the interviewee's reactions, as well as listening to their replies unobtrusively. Our approach was based on unstructured interviews because of their flexibility for all people involved, as suggested by Gubrium and Holstein [13] . In addition, there is also the opportunity to explore select issues of importance [14, 15] . These select topics take advantage of the interviewee's expertise on certain topics [16] . The main concern in these situations is to properly balance appropriate reporting of research results and the occasional risk of revealing interviewees' personal information, as opposed to higher confidentiality with the risk of results getting disputed [17] . The confidentiality is important to protect the participants as remaining anonymous allows these experts to express their opinions freely [18] . For the current work, the participants are male professors. The interview was comprehensive, lasting more than 40 minutes. Based on the replies, we deducted what the most important attributes affecting costs are, namely the raw materials and the adsorption energy costs.
Recipe Selection
In an effort to explore the adsorption phase in more depth and to uncover the factors that characterize the adsorbents, we conducted a literature search to identify and further analyze their recipes. The most cited ones were selected, so that the corresponding cost factors could be evaluated.
Raw Material Cost
Raw material cost prices for the study of chitosan were obtained from publicly released catalogues. It should be noted that chitin and chitosan products can have very wide price ranges, depending on the quality of the final product. For example, chitosan prices might range between United States Dollar (USD) 10 to USD 1000 per kilogram. The costs calculated in this work are all translated to euros (€). The analysis took into account multiple market prices, as provided by vendors all over the world. The raw material cost for each case included the adsorbent cost as well as the metal recovery cost.
Energy Cost
The energy cost corresponds to the energy spent for the various stages of the adsorption process. Electricity costs per KWh used are based on the average energy price in Greece for 2019 (0.194 Euro/KWh). This price was retrieved by the Hellenic Public Power Corporation S.A. [19] . Therefore, the energy cost in Euros has been estimated as the product of the amount of KWh spent and the price of 1 KWh in Greece.
Labor Cost
This type of cost consists of the compensation of researchers participating in the project, with the addition of taxes and benefits. For the purposes of this study, the personnel required for the synthesis process comprises of 1 researcher working for 1 work-day (i.e., 3 h). The average wages of the personnel were assessed based on information from Glassdoor [20] , which maintains a rich database with employee wages per company and country, depending on the position.
Results and Discussion
Chitosan has multiple applications across various industrial sectors which renders it quite attractive for investors. The high cost of production, however, is a significant limiting factor. Researchers are focusing on making it more cost effective, which can also be achieved if we can reach economy of scale. On this basis, two major modifications can be found in the literature: (i) grafting reactions to enhance the adsorption capacity, and (ii) cross-linking reactions to make the final product more rigid to extreme conditions (pH and salinity) and increase the reusability.
Grafting cationic groups into chitosan has been utilized for a variety of applications. It has been successful in removing anionic pollutants. Li et al. [21] produced chitosan adsorbents altered by a quaternary ammonium salt that is used for removing methyl orange and Cr(VI). The outcomes suggest that the strong cationic groups that enriched chitosan displayed improved adsorption ability for both Cr(VI) as well as methyl orange compared to pure chitosan. Furthermore, the results also indicated that the adsorption capacity was significantly influenced by the pH levels, suggesting that the electrostatic attractions were an important part of the process. The use of an amino group to enrich chitosan is thus deemed as accountable for the adsorption of metal ions.
Raw chitosan [22] is limited significantly due to its high solubility in most mineral and organic acid solutions, which makes the assessment of its use as a sorbent for the treatment of industrial effluents particularly difficult. A successful way to overcome this and enhance its chemical stability in acidic conditions is through cross-linking. Various popular cross-linking agents, such as glutaraldehyde (GLA) and epichloridrin (EPI), have been employed to achieve this.
The main contributors of growth for the chitosan market are the high availability of raw materials and the emerging applications and applicability in multiple sectors. Thorough research and development activity on pre-existing technology is yet another reason for a market-size growth, despite the expensive production process of high-quality chitosan. It should be noted that occasional product inconsistency due to seasonal, regional, or chemical modifications might hinder the market growth to a certain degree [23] .
It should be noted that the adsorption ability of the materials mentioned in this work also rely on other experiment conditions including pH levels, starting concentration level, contact duration, dosage, and competitive ion presence. Wan Ngah and Fatinathan were successful in cross-linking chitosan beads with GLA as a means of removing Cu(II) ions in aqueous solutions [24] . The cross-linked chitosan was not soluble in acetic acid solution, which verified that cross-linking improved the resistance of the polymer to the acid. The effect of GLA in adsorption was also studied. The use of cross-linkers or even the increased amount of those agents had a negative effect on the adsorption ability due to the reduced number of amino groups serving as binding sites for the metal ions.
According to Transparency Market Research [25] , globally, the chitosan market size in 2013 was estimated to be 1. suggest that the strong cationic groups that enriched chitosan displayed improved adsorption ability for both Cr(VI) as well as methyl orange compared to pure chitosan. Furthermore, the results also indicated that the adsorption capacity was significantly influenced by the pH levels, suggesting that the electrostatic attractions were an important part of the process. The use of an amino group to enrich chitosan is thus deemed as accountable for the adsorption of metal ions. Raw chitosan [22] is limited significantly due to its high solubility in most mineral and organic acid solutions, which makes the assessment of its use as a sorbent for the treatment of industrial effluents particularly difficult. A successful way to overcome this and enhance its chemical stability in acidic conditions is through cross-linking. Various popular cross-linking agents, such as glutaraldehyde (GLA) and epichloridrin (EPI), have been employed to achieve this.
It should be noted that the adsorption ability of the materials mentioned in this work also rely on other experiment conditions including pH levels, starting concentration level, contact duration, dosage, and competitive ion presence. Wan Ngah and Fatinathan were successful in cross-linking chitosan beads with GLA as a means of removing Cu(II) ions in aqueous solutions [24] . The crosslinked chitosan was not soluble in acetic acid solution, which verified that cross-linking improved the resistance of the polymer to the acid. The effect of GLA in adsorption was also studied. The use of cross-linkers or even the increased amount of those agents had a negative effect on the adsorption ability due to the reduced number of amino groups serving as binding sites for the metal ions.
According to Transparency Market Research [25] , globally, the chitosan market size in 2013 was estimated to be 1. For comparison purposes, the outcomes of this work, along with information about the adsorption capacities of a range of chitosan-based adsorbents from the literature, are presented in Table 1 . For comparison purposes, the outcomes of this work, along with information about the adsorption capacities of a range of chitosan-based adsorbents from the literature, are presented in Table 1 . Table 1 shows the limited comparability of the final products. If anyone changes one of the synthesis parameters (time, amounts, reagents, etc.), the final product will be different, so therefore, the adsorption evaluation will vary. Hence, it is not easy to compare adsorbents of different sources. Kyzas et al. [30] showed that the GLA-chitosan presented higher capacities for Cu(II) removal when the grafting agent used was poly(acrylic acid) and not poly(acrylamide). The latter depends on the "nature" of attractions among active adsorption sites of chitosan and the charged copper ions. For this reason, the value of pH was added to Table 1 in order to clarify the surficial charge of the material. In the same study [30] , the removal of Cr(VI) was higher, by using GLA-chitosan grafted with poly(acrylamide) rather than poly(acrylic acid), confirming the above-mentioned finding. Table 1 also presents many examples of differentiations due to the adsorbent-adsorbate interactions.
Calculations
To calculate the recipe cost, Table 2 was drawn, gathering all appropriate information. In this Table, the method and duration used during synthesis were presented along with the relative instrumentation (reported energy consumption). Furthermore, Table 3 summarizes the costs estimated for raw materials, energy, and presents the sum of them. The latter will be from hereafter the basis on which we can compare the cost of each polymeric adsorbent in this study. The equation used for calculations is:
where E c is the energy cost (€), P D is the power consumed by the device (kW), a is a load factor (if we use the device in full mode then a = 1, while for half mode a = 0.5, t is the usage of the device (h), and C c is the energy cost (€/KWh). According to Table 3 , the most expensive adsorbent produced is the grafted derivative of chitosan with succinic anhydride (21.89 €), in which the basic source is the energy demand with increasing time of stirring and freeze-drying (14.24 €), which is double the raw materials cost (7.65 €). On the other hand, the second most expensive polymer studied was the grafted chitosan derivative of poly(ethylene imine) (17.13 €), which is majorly attributed to the cost of raw materials and especially PEI (55.90 €/100 mL), almost half the price is originated from the raw materials cost (8.09 €). It is worth mentioning that the composite of graphite and magnetic chitosan presented the lowest energy demand (3.76 €) based on the synthesis procedure, which led to the lowest final estimated cost (6.16 €).
Recipe costs depend on a variety of factors, ranging from current research needs, expertise, and appropriate recipe selection. For example, the same material could be evaluated differently, because an experienced researcher will know how to find and select a lower cost recipe, without undermining the final product quality. Figure 2 depicts the comparison of the cost distribution of the cheapest and most expensive chitosan synthesis recipes explored in this work, as it compares to the market price of high purity-derived Chitosan. The market price could reach 254 €/g and it far outweighs the recipe costs calculated, consisting of the raw material, energy, and labor costs.
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Operational costs were the main factors affecting the recipe cost evaluation. These include raw materials, personnel wages, and energy consumed. Figure 3 depicts the cost factors for the studied Chitosan recipes as percentages of the total recipe cost. Prior research indicated that usually the raw material cost is the highest cost driver, however, in the case of these chitosan recipes, due to the comparatively cheaper materials, it is actually the labor and energy costs that appear as the most significant. The energy cost is particularly high due to the energy requirements for the pyrolysis stage. Raw materials comprise about 16% and 25% of the total recipe cost, respectively. It is of note that for each recipe the major cost driver is different. In the case of Chitosan/GLA/FeCl2·4H2O, FeCl3·6H2O, Graphite, the most significant cost is Labor, reaching almost 60%, while for the case of Chitosan/-/Succinic anhydride the most important cost driver is Energy, reaching about 46%. The labor cost is the highest percentage overall in both recipes, but it is evident that depending on the material produced, the balance of costs might change, favoring different factors. For both cases of this study, the recipe cost was actually lower than the market price of high-purity non-animal-derived Chitosan, which is about 254 € per gram.
The ever-increasing demand for green materials has led to the growth of the polymer industry. Polymers have a wide variety of applications, but their high cost has been a hindrance, hence a lot of research has been devoted to cost reduction and selection of "the greenest". Chitosan is one of the polymers found in nature in abundance. Its cost is relatively low but depends on the specific physicochemical properties required for the target application. In this case, the raw material cost does not really affect the final total recipe cost.
In order to limit the current and future recipe costs without sacrificing the quality, new strategies must be forged. Our results suggest that the main cost factors are labor and energy. Identifying fixed and variable costs will assist in optimizing them. Labor cost is a variable cost. In order to minimize it as much as possible, researchers could be trained to perform both the synthesis and characterization efficiently. Furthermore, depending on materials used, an additional step would be to select equipment that would minimize energy consumption by performing multiple processes concurrently.
Conclusions
Chitosan has a great potential as a sorbent with the ability to remove a variety of contaminants, however its limitations require adjustments to be made to enhance its abilities. Raw chitosan has a crystalline structure, which lowers its adsorption ability due to the adsorption taking place on the crystal part. Cross-linking groups tend to react with the amine parts of chitosan, which are known as common bonding sites for metal ions. It is thus important to proceed in the grafting of functional groups on chitosan, in an effort to enhance selectivity and efficiency. Grafting seems like a suitable Raw materials comprise about 16% and 25% of the total recipe cost, respectively. It is of note that for each recipe the major cost driver is different. In the case of Chitosan/GLA/FeCl 2 ·4H 2 O, FeCl 3 ·6H 2 O, Graphite, the most significant cost is Labor, reaching almost 60%, while for the case of Chitosan/-/Succinic anhydride the most important cost driver is Energy, reaching about 46%. The labor cost is the highest percentage overall in both recipes, but it is evident that depending on the material produced, the balance of costs might change, favoring different factors. For both cases of this study, the recipe cost was actually lower than the market price of high-purity non-animal-derived Chitosan, which is about 254 € per gram.
Chitosan has a great potential as a sorbent with the ability to remove a variety of contaminants, however its limitations require adjustments to be made to enhance its abilities. Raw chitosan has a crystalline structure, which lowers its adsorption ability due to the adsorption taking place on the crystal part. Cross-linking groups tend to react with the amine parts of chitosan, which are known as common bonding sites for metal ions. It is thus important to proceed in the grafting of functional groups on chitosan, in an effort to enhance selectivity and efficiency. Grafting seems like a suitable approach for refining the intrinsic attributes of natural polymers or for enriching them with new ones.
Cross-linking and grafting are great alternative options for establishing an adsorption system. The effect of cross-linked content on the process or the actual properties of chitosan should be further explored in future research on discovering more efficient adsorbents.
